The interactions between water molecules and condensed n-butanol surfaces are investigated at temperatures from 160 to 240 K using the environmental molecular beam experimental method and complementary molecular dynamics (MD) simulations. In the experiments hyperthermal water molecules are directed onto a condensed n-butanol layer and the flux from the surface is detected in different directions. A small fraction of the water molecules scatters inelastically from the surface while losing 60-90% of their initial kinetic energy in collisions, and the angular distributions of these molecules are broad for both solid and liquid surfaces. The majority of the impinging water molecules are thermalized and trapped on the surface, while subsequent desorption is governed by two different processes: one where molecules bind briefly to the surface (residence time t o 10 ms), and another where the molecules trap for a longer time t = 0.8-2.0 ms before desorbing. Water molecules trapped on a liquid n-butanol surface are substantially less likely to escape from the surface compared to a solid layer. The MD calculations provide detialed insight into surface melting, adsorption, absorption and desorption processes. Calculated angular distributions and kinetic energy of emitted water molecules agree well with the experimental data. In spite of its hydrophobic tail and enhanced surface organization below the melting temperature, butanol's hydrophilic functional groups are concluded to be surprisingly accessible to adsorbed water molecules; a finding that may be explained by rapid diffusion of water away from hydrophobic surface structures towards more strongly bound conformational structures.
Introduction
Aerosols and clouds are known to play important roles in the atmospheric system, but the scientific understanding of the associated processes is incomplete, leading to major uncertainties in climate predictions. 1 An important contributor to the poor understanding is a lack of molecular level descriptions of heterogeneous chemical reactions and physical transformations that occur in the atmosphere's complex multiphase environment. Interface phenomena are an area of particular interest because of their central role for the chemistry and physics of the atmosphere. 2 Processes on the surfaces of liquid or solid particles influence the atmospheric distribution of reactive gases and thereby affect several atmospheric phenomena. Uptake of water and other trace gases also modifies the physical properties of particles including their size, optical properties, and ability to nucleate cloud droplets and ice. Here, we focus on a molecular-level description of the surface character and processes associated with water impinging on an interface with an organic material. Organic compounds are abundant and undergo oxidation in the atmosphere resulting in the formation of secondary organic aerosols (SOA) and coatings on existing particles. 3 Organic surface films can reduce the critical supersaturation required for cloud droplet activation by reducing the droplet surface tension. 4 Organic compounds may also present a barrier to gasaerosol mass transport that reduces uptake of water and other trace gases. 5 In addition, surface properties affect heterogeneous chemistry 6 and ice nucleation. 7 However, we currently lack sufficient knowledge to make reliable predictions for many of these processes in ambient aerosols. This is partly due to the a Department of Chemistry and Molecular Biology, Atmospheric Science, complexity of the organic fraction that potentially involves thousands of compounds, and to missing data from, for example, the phase behavior and surface-bulk partitioning in both model systems and naturally occurring organics.
The detailed conditions at gas-liquid and gas-solid organic interfaces of atmospheric interest are particularly unclear. Earlier studies have highlighted the surface structure and dynamic nature of organic surface layers using experimental techniques including nonlinear Raman spectroscopy, 8 sum frequency generation, 9 and neutron scattering. 10 Molecular dynamics (MD) simulations have been used to study the effect of organic coatings on water uptake by aqueous droplets 11, 12 and ice, 13 and to investigate accommodation of organic compounds on their respective condensed phases. 14 A few experimental molecular beam studies have been carried out including investigations of the effect of adsorbed alcohols on water uptake by sulfuric acid. 15 Likewise, environmental molecular beam (EMB) studies have provided an improved understanding of water interactions with more volatile organic phases. [16] [17] [18] Exploratory studies of alcohols, acetic acid and nopinone show limited water uptake on solid phases, but a strong enhancement on liquid phases. Intriguingly, water accommodation on n-butanol changes rapidly with temperature near the melting point, which indicates that the surface layer has unique properties that deviate substantially from the bulk. 17 Here we present results from a combined experimental and theoretical study of water interactions with n-butanol surfaces in the temperature interval from 160 to 240 K. The overall aim is to characterize the detailed collision dynamics and processes governing accommodation of water molecules. n-Butanol has a melting point of 184.5 K, 19 and the investigations thus include both liquid and solid surfaces at temperatures near the melting point. An updated EMB method with angular resolution is employed, which allows us to investigate the dynamics of surface processes in greater detail compared to an earlier EMB study where measurements were restricted to a single scattering angle. 17 Results from earlier EMB experiments are re-analyzed and compared with the present data. In addition, MD simulations are performed to elucidate the mechanisms of the interactions providing a more detailed molecular level understanding of the system. The relevance of the results for the description of water interactions with organic surfaces of environmental interest is discussed.
Experimental

Environmental molecular beam experiments
The EMB technique has been described in detail elsewhere, 20, 21 and is only briefly presented here. The EMB apparatus consists of a multi-chamber high-vacuum system and the main components of the experimental setup are illustrated in Fig. 1 . A lowdensity flow of molecules is introduced into the vacuum system via a pulsed gas source. the environmental chamber and the surrounding ultra-high vacuum system, and enables the molecular beam to enter and exit the environmental chamber. 21 A highly oriented pyrolytic graphite crystal (grade ZYB, 4 Â 4 mm 2 , Advanced Ceramics Corp.) is used as the surface substrate. It is positioned 1.6 mm behind the grating and the beam collides with the substrate at an incident angle of 431 with respect to the surface normal direction.
n-Butanol vapor is introduced into the environmental chamber via a gas inlet and is allowed to condense on the temperaturecontrolled graphite surface. The experimental setup has been designed to reduce the path length of the molecular beam within the environmental chamber to 4.4 mm, in order to limit attenuating collisions between the beam molecules and the background gas within the chamber. 21 The formation and maintenance of a condensed n-butanol layer on the substrate is monitored by probing the surface with a laser (670 nm, 860 mW). The laser is directed at the surface with an incident angle of 31 and a photodiode detects the change in reflected intensity due to constructive and destructive interference caused by reflections from the graphite-butanol and butanol-gas interfaces as the condensed layer grows on the graphite surface. 22 A fresh n-butanol layer is produced for each experiment and maintained at a thickness of 1 mm, while between experimental days the substrate is cleaned by heating the surface to 600 K for at least 10 h. The incident molecular beam, as well as the molecular flux escaping from the surface is detected using a rotatable quadrupole mass spectrometer (QMS) positioned outside the environmental chamber. The emitted flux is measured for 10 ms intervals after each molecular beam pulse impacts the experimental surface.
Analysis of EMB data
In order to quantify the experimental results a nonlinear leastsquares fitting procedure is used to quantify the measured time dependent flux. A convolution of velocity distributions is found to arise from inelastic scattering (IS), and thermal desorption (TD) of water molecules. Here we observe that the TD of water molecules is best explained by two different desorption processes. This is in contrast to earlier EMB studies for the same system where velocity distributions for one IS and one TD component were sufficient to describe the data determined in a single scattering direction. 17 However, to quantitatively describe the desorbed flux over a wide angular range, as described in Section 3, a combination of two TD components referred to as fast (TD fast ) and slow (TD slow ) thermal desorption are required. The fraction of molecules that scatter inelastically from the surface is described by a velocity distribution:
where C a is a scaling factor, u is the velocity, t is time, and u is the average velocity. u IS is the velocity of the inelastic scattering component,
where T IS describes the width of the IS velocity distribution, k B is Boltzmann's constant and m is the mass of a water molecule. Fast and slow thermal desorption of D 2 O molecules are both characterized by the convolution of two decay functions describing the velocity distribution of desorbing molecules and the desorption kinetics. The TD velocity distribution is given by,
where C b is a scaling factor and T surf is the surface temperature, and the first order desorption kinetics for the fast and slow TD process are described by,
where C i is a scaling factor which also subsumes C b in the fitting, k i is the desorption rate coefficient, and i corresponds to the fast or slow desorption.
As described later in Section 3, the experimental results are consistent with a TD fast process that is too fast to be resolved in the present experiments and the rate coefficient k fast is therefore set to a fixed value of 10 5 s À1 , which corresponds to the 10 ms resolution in the experimental studies. Assuming any other fixed value in the range 10 5 -10 9 s À1 does not affect the presented results. The remaining six parameters C a , C fast , C slow , u, T IS , and k slow are used as free fitting parameters in the analysis of experimental data. The first three parameters determine the amplitude of the distributions related to IS, TD fast and TD slow . The TD fast distribution has a fixed shape in the analysis (since k fast is specified), the shape of the TD slow distribution is modified by k slow , while the IS distribution is modified by u and T IS . As described in Section 3 the freedom of the parameters is constrained by what they physically represent, which helps to produce numerically robust separation of the three components.
The absolute trapping probability P TD_i can be determined by comparing the integrated intensity of thermally desorbed D 2 O molecules from the n-butanol surface I BuOH TD_i to desorption from bare graphite I graphite TD , which has a known sticking coefficient S graphite = 0.73 AE 0.07:
where the I
BuOH
TD_i is calculated by integrating the fitted convolutions of eqn (3) and (4) for the desorption case of interest (fast, slow, both). The inelastic scattering probability P IS is quantified by integrating the IS intensity over all angles and normalizing to P TD_i . The estimated P TD_i and P IS may be used to calculate a uptake coefficient a that represents the fraction of incoming D 2 O molecules that remain on the surface longer than the 10 ms timescale of the experiment,
Error estimates are reported based on propagating error as given by the variation in the fitted velocity distributions and observed beam fluctuations during the experiments and are given as 95% confidence intervals.
Molecular dynamics simulations
Complementary MD simulations have been performed to characterize water interactions with solid and liquid n-butanol surfaces. An improved version of the OPLS-AA force field 25 was employed to model a n-butanol system. The force field differs from the standard OPLS-AA force field 26 in the parameterization of the dihedral interactions that has been adjusted on the basis of ab initio calculations. 25 The equations of motion are integrated using the leap-frog algorithm 27 with the GROMACS package. 28 All bonds are constrained with the LINCS algorithm 29 enabling the use of a 2 fs time step. A cut off distance of 1.4 nm is applied for the short-range interactions, and long-range electrostatic interactions are treated using the particle mesh Ewald method. 30 Temperature is held at the desired value using the V-rescale algorithm 31 with a coupling time of 0.1 ps.
The n-butanol crystal lattice is built based on the structure characterized by Raman spectroscopy and X-ray diffraction by Derollez et al. 32 An infinite crystal is created by duplicating the unit cell in x, y, and z directions. After minimization with the steepest descent algorithm, the crystal is equilibrated in the NPT ensemble at 150 K for 10 ns. The simulation system consists of B15 000 atoms placed in triclinic box stretched by a, b, c vectors sized 4.7 Â 5.1 Â 5.2 nm with angles 79.031, 75.761 and 78.831 for a, b and g respectively. Once prepared, the slab is created considering the most energetically favorable structure, thus the crystal is cut between two n-butanol bilayers as further described in Section 3.2. The simulation box is then extended to 2 nm along the z direction on each side to avoid image interactions between the slabs. The n-butanol slab is gradually heated from 150 K to 240 K by performing simulated annealing in the NVT ensemble over 200 ns. After producing the n-butanol crystal and liquid slab at different temperatures, water interactions with the n-butanol surface are studied at temperatures ranging from 170 to 240 K. Simulations are designed to resemble the experimental conditions. Water is modeled with the SPC/E model, 33 where the choice of potential is motivated by previous work on carbohydrate interactions with water. 34 Single water molecules are sent towards the surface with an incident kinetic energy equal to 0.29 AE 0.01 eV (1760 AE 270 m s À1 ) and with an incident angle of 451 with respect to the surface normal direction. Water molecules are decoupled from the thermostat to avoid influencing collision dynamics. The initial x, y positions of water molecules are randomly chosen at a distance of 1 nm from the surface and 5000 trajectories are propagated at each studied surface temperature.
Results
Results from EMB experiments
We have employed the EMB method to study molecular level interactions between D 2 O and n-butanol surfaces from 160 to 200 K. In Fig. 2 measured time-of-flight (TOF) distributions are presented for the incident D 2 O beam and for the flux from a solid n-butanol surface at 179 K, for four different scattering angles y s . The beam and the scattered flux travel the same path length to the detector, and thus the distribution for the incident beam corresponds to hypothetical elastic scattering from the butanol surface. As expected the TOF distributions are shifted in time compared to the incident beam, which indicates that molecules lose energy in surface contact. The tail of the TOF distribution is well described by the distributions for a TD slow component representing molecules that are trapped on the surface and subsequently desorb on a millisecond time scale (see eqn (3) and (4)). The remaining reflected flux is well described by an IS and a TD fast component. The results for y s = 531 (Fig. 2d) clearly illustrate that part of the emitted flux results from IS because thermal desorption (TD fast ) cannot reproduce the observed TOF data for times t0.75 ms. On the other hand, the results for backward scattering (Fig. 2a , y s = À171) can be completely described by a combination of TD fast and TD slow components, without the need for an IS component. Overall, we observe that a combination of IS and two desorption processes provides the most accurate description of the TOF data, with the fewest assumptions, for all scattering angles.
In an earlier EMB study of the D 2 O/n-butanol system, 17 TOF distributions were only measured in the specular scattering direction and fitted using a combination of one IS and a single TD component. The application of a similar two-component fit to the angular resolved data presented here results in unphysical or underdetermined data fitting curves. In particular at times t0.75 ms where IS dominates, the three-component solution significantly clarifies the underlying physical processes. The TOF distributions observed for different scattering angles are integrated to calculate the absolute IS, TD fast , and TD slow intensities. Fig. 3 shows the angular resolved intensities for IS, TD fast , and TD slow for the n-butanol surface temperatures 179, 185 and 196 K. The melting temperature of bulk n-butanol is 184.5 K, thus the n-butanol layer is solid at 179 K, liquid at 196 K, and close to its melting temperature at 185 K. The angular distributions of the TD slow and TD fast components are well described by wide cosine-like distributions, confirming that they are related to TD processes where molecules desorb independent of their incident trajectory. The absolute intensity of the two TD components varies with T surf , and the TD fast channel decreases slightly as the temperature is increased. The TD slow component also decreases when the temperature is raised from 179 to 185 K and eventually completely disappears at temperatures above 191 K, in agreement with earlier work. 17 Inelastically scattered molecules account for a small fraction of the flux from the n-butanol surface, and to enhance visibility in Fig. 3a and b the IS component is multiplied by factors of 10 and 3, respectively. The absolute IS intensity is similar at each of the three temperatures displayed in Fig. 3 , but the shape of the angular distribution changes depending on surface temperature and structure. The IS distribution observed for a solid n-butanol layer at 179 K has a relatively wide angular distribution with a maximum around the specular angle (Fig. 3a) . The IS distribution becomes narrower at the melting point (Fig. 3b) , and the distribution peaks at a slightly larger angle than the angle of specular reflection, with respect to the surface normal. The transition to a liquid surface again results in a broader IS distribution (Fig. 3c) , as may be expected for a disordered liquid layer.
The IS component in the TOF distributions is shifted to longer times compared to the incident beam profile (see Fig. 2 ), which indicates that the scattered molecules lose kinetic energy to surface modes during inelastic collisions with the surface. Fig. 4 shows the fraction of the incident kinetic energy that is retained by inelastically scattered molecules after surface contact. The final kinetic energy is typically 10-40% of the kinetic energy in the incident molecular beam, and the kinetic energy increases with increasing scattering angle. Molecules colliding with a solid surface also appear to leave the surface with more kinetic energy than those colliding with a liquid surface indicating that the detailed surface properties influence the collision dynamics.
The fits of TOF distributions also provide desorption rate coefficients for water desorption from n-butanol. The fast TD process has a desorption rate coefficient k Z 10 5 s À1 , which always exceeds the fastest time resolution of the EMB experiments. The rate coefficient for the TD slow process is resolved and increases from 700 to 1300 s À1 with increasing temperature from 160 to 182 K. At higher temperatures the rate coefficient decreases to approximately 500 s À1 before the TD slow component ultimately disappears above 191 K. The observed desorption rate coefficients including the decline in rate coefficient with increasing temperature above 182 K are consistent with results from earlier EMB studies of the D 2 O/n-butanol system. The observed desorption rate coefficients can be used to estimate the activation energies for water on the different n-butanol surfaces by assuming that the thermal desorption process follows Arrhenius behavior, as given by,
where A = 10 13 s À1 is a frequency factor that has a magnitude characteristic of water undergoing ordinary first order desorption, 35 and E a is the activation energy for thermal desorption.
This formulation is here applied to estimate E a based on the assumed value of A and observations at single temperatures. in order to desorb from the surface. To complement the current study, TOF data from an earlier EMB study 17 has been reanalyzed using the three-component fit (IS + TD fast + TD slow ) employed here. Fig. 5 summarizes the combined results from the present and the earlier study. The IS component accounts for less than 6 AE 2% of the surface flux and does not vary significantly with surface temperature. Fast desorption (TD fast ) is also observed for all temperatures from 160 to 200 K. The intensity of the TD fast component increases with increasing temperature below 170 K, followed by a significant decrease above 175 K as the temperature approaches and crosses the melting point. The effect of temperature on the TD slow component is even more pronounced. The slow desorption dominates for solid n-butanol below 183 K, but rapidly decreases as the layer melts and above 191 K the signal disappears entirely. Above the melting point, a major fraction of the incident water (55-85%) remains on the n-butanol layer beyond the timescale of the experiments (410 ms).
Results from MD simulations
Classical MD simulations have been used to obtain detailed information about the interactions between water molecules and condensed n-butanol under conditions that mimic the EMB experiments. The crystal is characterized by intermolecular H-bonding between OH-moieties and hydrocarbon chains respectively. Structural changes resulting in substantial disordering were observed during the heating process indicating that melting occurs between 190 and 200 K, in fair agreement with the experimental melting point of 184.5 K. 19 Snapshots of equilibrated configurations at three different temperatures and corresponding density profiles of the n-butanol oxygen are shown in Fig. 6 . At T = 170 K, the slab has a well-ordered crystalline structure consisting of tilted butanol bilayers where n-butanol OH-groups form relatively strong hydrogen bonds within each bilayer. The interface is dominated by the hydrocarbon tails in the upper-most bilayer and the surface has a Fig. 5 The fate of D 2 O molecules on a n-butanol surface for a range of temperatures. Molecules will undergo surface accommodation (light grey), fast, or slow thermal desorption (red and grey areas, respectively), or inelastic scattering (blue area) with probabilities that vary with temperature. The present experimental results for P TD slow (grey-filled dots), P TD fast (redfilled dots), and P IS (blue triangles) are shown with 95% confidence intervals and superimposed onto the re-analyzed results from the previous study by Papagiannakopoulos et al. 17 shown using the shaded regions where the angle of observation was 451. The bulk melting point is indicated with the black dotted line. View Article Online hydrophobic character. One can expect that the closed packed structure of the solid n-butanol slab may prevent impinging water molecules from penetrating into the organic film, which results in a trapping-desorption process of water molecules on-top of the surface layer. Upon heating to 200 K, the slab starts to melt, layers are still distinguishable as can be seen in the density profile (Fig. 6b ), but broadening of the peaks indicate substantial disordering occurring within the film. At 240 K (Fig. 6c) , complete disorder of the n-butanol molecules is achieved, allowing water molecules to rapidly find strongly bound sites either on the surface or within the n-butanol layers. Although 240 K is high compared to the temperatures accessible experimentally, it corresponds to conditions characteristic of a liquid interface. Thus, 170 K, 200 K and 240 K are used in the simulations to model a solid, melting and liquid organic film respectively. Collisions between water molecules and n-butanol result in IS, rapid TD, and sticking on the 100 ps time scale of the simulations. Fig. 7 displays simulated angular resolved distributions of water desorption and scattering intensities (panels a-c) and the fraction of retained kinetic energy (d-f) by inelastically scattered molecules from a solid (a and d), melting (b and e) and liquid (c and f) butanol surface. The contributions from IS and TD are separated based on the assumptions that the angular-resolved TD intensity can be described by a cosine distribution and IS in the backward direction can be ignored. The total flux shown in grey is fitted with a TD component (cos y s ) scaled to the intensity over negative angles. The IS distribution is generated by subtracting the TD component from the total flux. The resulting angular distributions for the IS channels are broad and reaching maxima at angles larger than the angle of specular reflection for the incident beam. This agrees with the EMB experimental results, indicating that independent of the state of the surface (rough solid or disordered liquid) molecules scatter in a wide range of directions. In agreement with the experimental observations, the simulated IS molecules lose between 50 and 90% of their incident kinetic energy in the collisions with the n-butanol surface. The magnitude of the loss depends on scattering direction, with molecules scattered at wide angles retaining more energy than those scattered close to the surface normal direction, which also agrees well with the experimental results. Fig. 8a shows the residence time of molecules that escape the simulation box by IS or TD during the initial 50 ps of the 100 ps long simulations. The majority of escaping molecules leave within the first 30 ps, and desorption events are thereafter rare. There is a significant shift in residence time for molecules leaving the liquid surface (240 K) compared to the surfaces at lower temperatures. The majority of molecules escape earlier from a liquid surface than from a solid surface. The total fraction of water molecules leaving the surface within 100 ps is 36, 50 and 36% at 170, 200 and 240 K, respectively. The binding energy of water molecules that remain trapped on the n-butanol slab at the end of the MD simulations provides additional information about the character of the water-surface interactions. Fig. 8b shows the binding energy distribution for water molecules that bind to the surface after 100 ps. At low temperature, the interactions are dominated by binding energies of À40 to À30 kJ mol À1 corresponding to the formation of 1-2 hydrogen bonds between water and the n-butanol film. A broad distribution between À90 and À50 kJ mol are also present, and this signature is more pronounced at high temperatures.
Simulations indicate that water molecules remain in the upper-most layer of a solid slab and bind weakly to two n-butanol molecules, whereas water manages to diffuse deeper into a liquid slab. As a result, water bind more strongly to liquid n-butanol, forming between two and four hydrogen bonds. This is illustrated in Fig. 9 , which shows snapshots of the orientation of the water molecule and nearest n-butanol molecules on both a solid and liquid surface. Thus the simulated trend (seen in Fig. 8b ) of stronger binding energies with increasing surface temperature are related to surface and bulk melting, whereby water molecules are able to bind more efficiently with liquid-like layers as a consequence of changes in the n-butanol structure that favors diffusion and enhanced kinetics.
Discussion
The experiments and simulations confirm that water collisions with n-butanol surfaces are characterized by efficient energy transfer, and thermal accommodation is a dominant outcome of surface collisions. When hyperthermal molecules collide with the surface, as in the present study (E kin,initial = 0.29 AE 0.01 eV), a minor fraction is scattered inelastically, and thus the experimental results provide information about the detailed gassurface interactions and surface properties of the condensed phase. Water molecules that scatter from the surface are observed to leave with 10-40% of their incident kinetic energy, a result that agrees well with MD simulations and with earlier EMB studies of water interactions with organic surfaces. [16] [17] [18] 36 Angular distributions of the scattered intensity and kinetic energy provide additional information about the water-surface interactions. The angular distributions for IS are broad for both liquid and solid n-butanol, while the results are consistent with a smoother surface near the melting point. Earlier EMB experiments using n-butanol surfaces indicate that the surface properties change gradually in a 10 K interval straddling the melting point, 17 and the present results further emphasize the unique conditions in this temperature range. The dissipated kinetic energy changes as a function of scattering angle, and shows that energy transfer is substantial both normal and parallel to the surface plane, which confirms that water molecules encounter surfaces with a relatively rough or disordered character. MD simulations are consistent with the EMB results and show that a minor fraction of the incident water molecules either scatter inelastically or desorb within tens of picoseconds from a weakly bound state on top of the hydrophobic surface layer. The angular resolved TOF measurements also allow us to elucidate the desorption kinetics in greater detail, and compared with a more limited earlier study where the flux from the surface was measured at a single scattering angle. 17 The angular resolved results are well described by two types of trappingdesorption processes; one resulting in rapid desorption, and a second desorption process where water remains on the n-butanol surface on the millisecond time scale. The desorption rate coefficient for the fast desorption process cannot be resolved, but the results are consistent with the rapid desorption on the picosecond timescale observed in MD simulations. Rapid desorption competes with surface and bulk diffusion of water to more strongly bound states. The MD simulations show that a large fraction of the adsorbed water molecules are able to find strongly bound sites on the time scale of tens of picoseconds. On solid n-butanol, a large fraction of these more strongly bound water molecules remains in the surface layer and may desorb on the millisecond timescale. In contrast, water molecules on liquid n-butanol are more mobile and remain trapped in the condensed phase, a picture that is consistent with the disappearance of the slow desorption mode at high temperatures. The tendency for water to find more strongly bound states with increasing surface temperature is clearly manifest in the MD results and supports the interpretation of the experimental results. The water/n-butanol system illustrates several key aspects of gas uptake on condensed organic phases. Organic surfaces often have a hydrophobic character with very weak binding sites for water and thus a fraction of adsorbed water molecules may rapidly desorb. However, even at low temperatures such as those investigated here, hydrophilic functional groups are surprisingly accessible for approaching water molecules. This is due to the weak water interactions with hydrophobic groups in the condensed phase combined with the mobility of the organic structure, which allow water molecules to rapidly diffuse to form hydrogen bonds with OH-groups. On solid surfaces, bulk diffusion is slow and water uptake can be expected to be reversible, while liquid surfaces allow for faster bulk diffusion and more extensive water uptake.
A related MD study on water accommodation on n-butanol coated ice reported that the adsorbed water molecules rapidly diffuse through the n-butanol monolayer and reach the ice surface. 13 About 20% of impinging water molecules were scattered directly, while the rest was thermalized. Such molecules diffuse rapidly on the n-butanol surface with a diffusion coefficient of 10 À9 m 2 s À1 , which allows the water molecules to find suitable sites to penetrate the monolayer by some subtle attractive force from the n-butanol hydroxyl groups. Once reaching the ice surface underneath the n-butanol monolayer, Fig. 9 Snapshots of water molecules surrounded by n-butanol molecules extracted from MD simulations for a n-butanol slab kept at (a) 170 K and (b) 240 K. Distances between the oxygen and hydrogen atoms participating in hydrogen bonds are displayed in black with values given in Ångström.
the water molecules are strongly bound by B3 hydrogen bonds. Thus, together with the findings of the current study, it seems that the n-butanol molecules in the monolayer above either ice or the n-butanol bulk do not isolate gas molecules to sense the attractive force from the hydroxyl functional groups, and the disordered structure facilitates the water molecules to reach potentially stronger binding sites. This indicates that the water uptake by aerosols made of small organics is strongly driven by the functional groups below the hydrophobic surface, the length of the chain, the packing of the organics and the surface state. It remains to be explored to what extent the current findings can be generalized and extended to other types of organic compounds. We note that similar conclusions were recently reached for water interactions with nopinone (C 9 H 14 O). 18 Nopinone is a reaction product formed during oxidation of b-pinene and has been found in both the gas and particle phases of atmospheric aerosol. 37 The molecular structure of nopinone is substantially more complex than the n-butanol investigated here, consisting of a double cyclic carbon structure with one carbonyl group that may be accessible for hydrogen bonding of water. Experimental EMB studies of collisions between hyperthermal D 2 O and solid nopinone at 202 K confirmed that initial trapping of water molecules is efficient, with a small fraction that scatter inelastically after losing 60-80% of their incident kinetic energy. The majority of the trapped molecules rapidly desorbed, but a substantial fraction (0.32 AE 0.09) formed strong bonds with the nopinone surface and remained in the condensed phase for tens of milliseconds or longer. We conclude that, despite the large differences between the water/nopinone and water/n-butanol systems, the collision dynamics and desorption kinetics are qualitatively similar for the two systems. A similar behavior has also been observed for water interactions with solid acetic acid, 36 and thus a picture of the detailed molecularlevel behavior of water molecules on organic surfaces has begun to emerge.
Conclusions
We have carried out EMB experiments and MD calculations in order to investigate the detailed molecular interactions between water and n-butanol surfaces at temperatures between 160 and 240 K. Both experimental and simulation results indicate efficient energy transfer in water collisions with an n-butanol surface. A small fraction of the impinging water molecules scatters inelastically with 10-40% of their incident kinetic energy depending on the scattering direction. The majority of the colliding molecules undergo thermal accommodation and trap on the surface. Water desorption from n-butanol is governed by two different desorption processes. First, water molecules may interact briefly with both solid and liquid surfaces and desorb within less than 10 ms. The MD simulations suggest that this desorption process takes place within tens of picoseconds. This TD process is active for both solid and liquid n-butanol surfaces. Second, adsorbed molecules may diffuse to find more strongly bound states on the n-butanol surface. This later process is partially reversible for solid n-butanol with desorption occurring within a few milliseconds, while slow TD is not observed from liquid n-butanol. MD simulations confirm that accommodated water molecules are able to find strongly bound sites characterized by efficient hydrogen bonding within the n-butanol layer on 100 ps time scales. We conclude that the water/n-butanol system shows qualitatively similar behavior to other recently studied water/ organic(s) systems. Hydrophilic functional groups present on organic surfaces are surprisingly accessible to adsorbed water molecules, even at low temperatures. This may potentially be explained by weak water interactions with hydrophobic surface structures, which allow for rapid diffusion of water to form hydrogen bonds with available functional groups. Further work should be carried out to confirm that this is a general feature of water/organic(s) systems of atmospheric relevance.
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